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Summary
Until recently, little has been known about the effects of ethanol on the physiology of cyano-
bacteria. This is not surprising as it is unlikely that cyanobacteria encounter growth inhibiting
concentrations of ethanol in their natural environment, and thus the ethanol stress response
used to be of limited interest to the scientific community. Nevertheless, for recent biotech-
nological approaches in the field of biofuel production, and in particular for the attempts to
produce ethanol with the help of genetically modified microalgae and cyanobacteria, know-
ledge of cellular tolerance and response to the desired product is pivotal. In the course of this
work, first examinations of an ethanologenic mutant of Synechocystis sp. PCC6803 revealed
a severe “bleaching” phenotype. Microarray analysis further corroborated this physiological
effect by demonstrating that a specific part of the phycocyanin operon is the most signifi-
cantly and strongly affected functional genetic subsystem under ethanol producing conditions.
Northern blot studies of the phycocyanin operon (cpcBAC2C1D) revealed a specific, short
novel transcript that was attributed to cpcA. Photometrical measurements of the phycocya-
nin absorption further confirmed this result. Additional microarray experiments with different
concentrations of external ethanol and different time points showed a time-delayed response
(24h) characterized by a prominent up-regulation of PS II genes with phycocyanin linker pro-
teins playing a major role in the transcriptional response. A Strong overlap in the response
of ethanol treated and ethanol producing Synechocystis sp. PCC6803 cultures was observed.
Combined analyses of the microarray experiments indicated thioredoxin modulated processes
as a major part in the cellular response. Another aspect of this work was an artificial evo-
lution experiment, which was performed to delineate the intrinsic capacity of Synechocystis
sp. PCC6803 to tolerate ethanol. This was done by long-term cultivation of Synechocystis
sp. PCC6803 in ethanol containing medium and resulted in a variant that showed a hig-
her tolerance to ethanol than the ancestral strain as judged by direct comparison of growth
characteristics. In addition, the evolved strain proved to be a superior background for endoge-
nous ethanol production showing that artificial evolution experiments are a suitable method
to improve certain features of organisms for biotechnological purposes. Overall, the results of
this work give new insight into physiological and gene regulatory responses of Synechocystis
sp. PCC6803 exposed to ethanol and will be a very valuable dataset for future attempts to
improve cyanobacterial ethanol production by the means of genetic engineering.
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Zusammenfassung
Bis zum heutigen Zeitpunkt ist wenig über die physiologischen Effekte von Ethanol auf
Cyanobakterien bekannt. Dies ist nicht überraschend, da es unwahrscheinlich ist, dass Cya-
nobakterien in ihrer natürlichen Umwelt auf Wachstums inhibierende Konzentrationen sto-
ßen, und deswegen war die Stressantwort auf Ethanol nur von geringerem Interesse für die
Forschungsgemeinschaft. Nichts desto weniger sind durch neue Entwicklungen im Biofuel-
Sektor, insbesondere im Kontext der Produktion von Ethanol mit Hilfe von genetisch manipu-
lierten Cyanobakterien, Kenntnisse über die zelluläre Toleranz und Zellantwort gegenüber dem
gewünschten Produkt von grundlegender Bedeutung. Erste Experimente mit ethanologenen
Synechocystis sp. PCC6803, die im Laufe dieser Arbeit gemacht wurden, zeigten einen „ble-
aching“ Phänotyp. Microarray-Experimente, die einen Einblick in die zelluläre Antwort durch
Änderung der Genexpression auf Ethanolproduktion bringen sollten, zeigten, dass Gene des
Phycocyanin-Operons als die am signifikantesten und stärksten betroffenen funktionalen ge-
netischen Elemente. RNA blot-Analysen der Gene cpcBAC2C1D des Phycocyanin-Operons
identifizierten ein Ethanol spezifisches Signal das dem cpcA signal zugeschrieben werden
kann. Photometrische Messungen der Absorption des Lichts durch Phycocyanin konnten
des Weiteren diese Ergebnisse auf der metabolischen Ebene bestätigen. Weitere Microarray-
Experimente mit verschiedenen Konzentrationen von extern zugefügtem Ethanol und zu ver-
schiedenen Zeitpunkten zeigten eine zeitverzögerte Antwort (24h), charakterisiert durch eine
prominente Hochregulation von PS II-Genen und dem Transkript cpcG2. Es zeigte sich eine
hohe Übereinstimmung der Zellantwort von Ethanol-produzierenden und mit Ethanol behan-
delten Zellen. Weitere Ergebnisse der Microarray-Experimente deuteten auf durch Thioredoxin
beeinflusste Prozesse als wichtigen Bestandteil der zellulären Antwort auf Ethanol hin. Diese
Arbeit beschreibt weiterhin die Ergebnisse eines Experiments zur "Evolution im Labor", das
die intrinsische Kapazität von Synechocystis sp. PCC 6803 zur Erweiterung der Toleranz
gegenüber Ethanol aufzeigen sollte. Dies wurde durch Langzeit-Kultivierung von Synecho-
cystis sp. PCC6803 in Ethanol-haltigem Medium erzielt. Wie Wachstumsvergleiche mit dem
Ausgangsstamm zeigten, resultierte dies in einer Varianten mit erhöhter Ethanoltoleranz. Die
erhöhte Ethanoltoleranz führte zu einer Optimierung der endogenen Ethanolproduktion. Der-
artige Versuche zur Stammoptimierung durch "Evolution im Labor" sollten daher geeignete
Mittel sein, um bestimmte Eigenschaften von Organismen für biotechnologische Ziele zu ver-
bessern. In der Gesamtheit geben die Ergebnisse dieser Arbeit Einblicke in die Antwort der
Synechocystis-Zellen auf Ethanol auf den Ebenen des Stoffwechsels und der Genexpression
und stellen eine wertvolle Datensammlung für zukünftige Versuche mit dem Ziel dar, die
Ethanolproduktionsrate in Cyanobakterien durch genetic engineering zu erhöhen.
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1 Introduction
1.1 Current biofuel production technologies: first-,
second-, and third-generation processes
Plants and cyanobacteria are photoautotrophs and thus belong to the category of most im-
portant primary producers in our biosphere. They use the energy of sunlight and water as an
electron donor to fix carbon and release oxygen through a process known as photosynthesis.
Thus, plants and algae form the basis for virtually the entire world’s food and fuel consump-
tion, and together with cyanobacteria, which form a group of photosynthetic bacteria, supply
our atmosphere with oxygen (Medigan et al. 2000). The plant material-based production
of ethanol is a classical example for a “first generation” biofuel generation process. Plants
store most of the energy derived from oxygenic photosynthesis in the form of sugars and
polysaccharides. They can be found as intracellular sucrose and starch, or as polymers in
the cell wall, e.g. cellulose, hemicellulose and lignin. Most suitable for biofuel production are
sucrose and starch, as they can be directly fermented to alcohols like ethanol, propanol or bu-
tanol (Woods, 1995). Using other plant components requires more cost intensive up-stream
processing, e.g. heat and acid treatment (Van Wijk, 2001; Mosier et al., 2005). After such
treatments the rest of the biomass can be used for further biofuel synthesis processes, e.g.
methane fermentation and also for the food industry (Marris, 2006; Buerkert and Schlecht,
2009). Second generation biofuel production is based on the observation that certain species
produce high amounts of lipids as triglycerides or poly-isoprenoids when they were deprived of
nitrogen (Metzger and Largeau, 2005; Ratledge 2004). These lipids can be used as biodiesel
after transesterification with methanol. In literature, another process can be found termed
‘second generation biofuel processes’, namely the conversion of material like lignocellulose
into ethanol. Third generation biofuel production - which is also the starting point of this
work - is based on genetic modification to make an organism produce a desired biofuel di-
rectly, without the need of harvesting or further treatment. An example of a third generation
biofuel which is produced by cyanobacteria was first described by Deng and Coleman (Deng
and Coleman, 1999), who introduced a fermentative pathway for ethanol production from
the alpha-proteobacterium Zymomonas mobilis (Z.mobilis) into a cyanobacterium in order
to create a biofuel producing “cellular factory”.
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1.2 Cyanobacterial diversity
Cyanobacteria (also called “blue-green algae”) belong to the oldest organisms on earth. Fossil
records date nearly as far as 3.5 billion years back (Schopf, 1993). 1.5 billion years back, these
organisms played a pivotal role in the creation of our vital atmosphere by the enrichment
of the planetary oxygen (Des Marais et al., 1991). Cyanobacteria are photoautotrophs per-
forming oxygenic photosynthesis by taking advantage of chlorophyll (Chl) a associated with
photosystems (PS) I and II. The term cyanobacteria derives from the greek word κυανóς
(kyanós), which means blue and comes from the phycobilin pigment phycocyanin (PC) which
gives this phylum of the domain bacteria its characteristic blue-ish color. Cyanobacteria form
a very heterogeneous group of prokaryotes. They comprise unicellular, colonial and multicel-
lular filamentous forms (Fig.1) (Stanier and Cohen-Bazire, 1977). Certain species also have
the ability to differentiate into functional cell types like heterocysts for nitrogen (N) fixation,
or akinetes as specialized type of resting cells. We are profiting from cyanobacteria on an
extensive scale, starting from N fixation and thereby contributing to global soil and water
fertility (Montoya et al., 2004) to being one of the most important primary producers, as
phytoplankton (which includes cyanobacteria) accounts for nearly 50 % of the net primary
productivity of the biosphere (Field et al., 1998).
Figure 1: Exert of the variety of cyanobacteria species. (A) Unicellular model organism
Synechocystis sp. (B) Filamentous Anabaenopsis circularis with clearly visible central pair of hete-
rocysts (C) Colony forming Gloeobacter sp. harboring a unique membrane composition (E. Selstam
and Douglas Campbell, 1996).
(Images from http: // www. cyanosite. bio. purdue. edu/ images/ images. htm )
The habitats of cyanobacteria are highly diverse. They can be found in fresh water as well
as in seawater, on wet soil or even in deserts or hot springs. Some species live as symbionts
in lichens or even in roots. One aspect of the scientific interest in cyanobacteria is based on
the fact that they can cause considerable damage to human health and the environment.
Under certain conditions cyanobacteria grow to very high densities, referred to as “blooms”
which can negatively interact with i.e. the life stock. Various types of cyanobacteria, such
9
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as Microcystis, Anabaena and Planktothrix, frequently form toxic blooms in freshwater lakes
(Mur et al., 1999). These blooms can be harmful to different ecosystems. Times of frequent
eutrophications of waters as well as times of a rising global average temperature favor the
overgrowth of algae in the waters which also leads to a diminishing of the original biodiversity
(Paerl and Huisman, 2008).
1.3 Photosynthesis and Cyanobacteria
In plants photosynthesis is located in specialized organelles called chloroplasts. Chloroplasts
have a number of morphological, biochemical and genetic properties, which are very simi-
lar to those of cyanobacteria. The stable uptake of cyanobacteria into a eukaryotic, non-
photosynthetic host cell is believed to be the origin of the chloroplast organelle. This process
of primary endosymbiosis was most likely a single event in the course of evolution (Douglas,
1998; Ezpeleta et al., 2005). Sequencing of chloroplast genomes showed that the structure
as well as the coding capacity of the plastid DNA is very similar to algae (Gray, 1993; Martin
et al., 2002). These both genetic characteristics are the strongest evidence for the monophy-
letic ancestry of chloroplasts. Very interestingly, only few differences can be found between
the photosynthesis of plants and cyanobacteria. Though evolutionary very distant, the pho-
tosynthetic mechanisms of pro- and eukaryotes are remarkably similar (De Las Rivas et al.,
2004; Xu et al., 2001). The light reaction of photosynthesis in chloroplasts and nearly all
cyanobacteria - with the exception of Gloeobacter violaceus PCC 7421 (Rippka et al., 1974) -
is taking place in the thylakoid membrane. Therefore, the cyanobacterium Synechocystis sp.
PCC6803 (hereafter Synechocystis) has become an important cyanobacterial model organism
for studying basic photosynthetic processes in the last 20 years. Synechocystis is a mesophilic
cyanobacterium, which was isolated from a fresh water lake in California (USA) (Stanier et
al., 1971). As early as 1982, genetic manipulation of this organism was achieved (Grigorieva
& Shestakov, 1982). Synechocystis has a natural competence for DNA uptake and further
harbors an effective recombination system to integrate foreign DNA into its genome. Ano-
ther advantage of Synechocystis as a model organism for photosynthesis is its ability to grow
heterotrophically (Rippka et al., 1979; Williams, 1988), which permits the genetic knock
out of essential components of the photosynthetic apparatus. In addition, it was the first
photosynthetic organism whose genome was completely sequenced (Kaneko et al., 1996).
The genome of Synechocystis comprises 3, 6 x 106 basepairs (bp), coding for approximately
3300 proteins, only about half of which have a known function. The photosynthetic electron
transport chain in cyanobacteria differs very little from that of the chloroplasts. The electrons
can be transported in a cyclic and in a non-cyclic way. In both cases the produced proton
gradient is used to generate ATP (Arnon et al., 1959), while the reduction of NADP+ is only
possible by linear electron transport. In the Calvin-Cycle, whose function is to fix CO2 into
energy rich carbohydrates, ATP and NADPH+/H+ are used to reduce CO2. These energy
rich components are the fundament for photoautotrophic growth. Also the composition of
PS I, PS II the Cytb6f complexes and the ATP-synthases of chloroplasts and cyanobacteria
are very similar. These complexes differ mainly in the presence and absence of smaller non-
essential components. Other differences can be found in PS I, which in contrast to plants, is
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not always in a monomeric but rather in a trimeric form (Kouril et al., 2005). Also the com-
position of the antenna system for photosynthesis is different. Cyanobacteria have membrane
associated phycobilisomes. These protein complexes contain linear tetrapyrroles (phycobilin)
as chromophore groups. Phycobilisomes are located on the cytoplasmic site of the thylakoid
membranes and are associated with PS II, PS I, or both, depending on the light intensity
and quality. The redistribution of the light harvesting complex is called state transition. De-
pending on the cyanobacterial species, the phycobilisomes consist of chromophores carrying
the subunits allophycocyanin, phycoerythrin, PC, phycourobilin and/or phycoerythocyanin,
as well as of structuring anchor and linker proteins. Depending on the constitution of the
chromophore- carrying subunits, the phycobilisomes are enhancing the quantum yield by ab-
sorbing light at wavelengths between approximately 500 to 650 nm. The schematic structure
of a phycobilisome antenna is shown in Fig.2.
Figure 2: Model of cyanobacterial antenna proteins (from KEGG Database Pathways).
Green color of visualized proteins indicates its presents in Synechocystis.
11
1 Introduction
1.4 Regulatory systems in Synechocystis
Cyanobacteria are exposed to a variety of environmental signals, which have to be sensed to
adequately adapt to the environment and to ensure survival. The connection between signal
and cell response is often achieved by the so-called “regulatory two component systems”
(Montgomery, 2007), serine/threonine-kinases (Zhang et al., 2007) and second messengers.
Two-component systems consists of proteins containing a signal transduction chain, typically
one sensor kinase, and one response regulator (Chang and Stewart, 1998; Mizuna et al.,
1996). The sensor kinase senses changes in the environment over a sensor domain and pas-
ses the signal to a response regulator. The latter is responsible for changes in the expression
of certain genes or influencing other cell processes according to the environmental signal.
The majority of described output domains have DNA binding properties and are therefore
often assigned as transcription factors (Parkinson and Kofoid, 1992). The transition of the
information between sensor kinase and response regulator is achieved by phosphorylation
(Li et al., 2000). Most of the signal-transducing proteins contain one of the general signal
domains for phosphor transfer, either a transmitter or a receiver domain (Mizuno et al.,
1996). A typical sensor kinase is carrying a sensor domain, as well as a transmitter domain.
Furthermore, hybrid-histidine-kinases exist, harboring a kinase domain and a response re-
gulator domain (Mizuno et al., 1996). In certain cases, a histidine kinase can transfer the
signal to multiple response regulators or vice versa (Laub, 2007). Through sequencing of the
Synechocystis genome and comparative studies on organisms, 80 possible ORFs have been
identified, among which 26 code for possible sensor kinases with a transmitter domain, 38
for possible response regulator as well as 16 for hybrid sensor kinases with both a transmitter
and a receiver domain (Mizuno et al., 1996). Today there are 47 histidine kinases and 45
response regulators known, which constitute about 2.5% of the genome (Ngarajan et al.,
2012). Gene expression is regulated at different levels: regulation at the transcription, post-
transcriptional regulation, regulation of the translation and post-translational regulation. For
transcription of eubacterial DNA, the RNA polymerase holoenzyme is composed of a sigma
(σ) -subunit and a core enzyme (Ishihama et al., 1993). RNA polymerization is the function
of the core enzyme which requires the σ- subunit for specific binding to the promoter. Global
transcriptional changes in Synechocystis are mainly resulting from the modulation of RNA
polymerase promoter selectivity. This is achieved by altering the intracellular composition of
σ-factors in response to environmental or cellular changes (Imamura and Asayama, 2009).
Recent studies showed evolution based approaches to identify and subsequent manipulate
such global regulators as an outperforming method to traditional approaches to quickly and
more effectively optimizing phenotypes with desired properties for biofuel production (Alper
et al., 2007).
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1.5 Aim of this work
The heterologous expression of the Z.moblis enymes pyruvate decarboxylase (PDC) and
alcohol dehydrogenase (ADH) and subsequent ethanol production in the cynaobacterium
Synechococcus sp. was described for the first time in 1999 (Deng and Coleman, 1999). At
the time of this study, the synthetic system appeared still not stable and productive enough
to be used in a commercial production units. This is not surprising, as the basic strategy for
ethanol production in cyanobacteria is contradicting fundamental biological principles. First,
ethanol production does not constitute an advantage for cyanobacteria. Therefore a single
cell within a population that has a mutation stopping the ethanol production will have a selec-
tive advantage and overgrow the remaining cells. Second, ethanol production is detrimental
to cyanobacteria. It is extremely unlikely that cyanobacteria ever in evolution experienced
ethanol concentrations in the order of magnitude that would be commercially viable. Hence,
it is unlikely that cyanobacteria developed ethanol-specific resistance mechanisms and the
counter-selective pressure against the expression cassette further increases. Therefore un-
derstanding the cellular response of Synechocystis and knowing potential targets of ethanol
is pivotal for approaches to minimize the negative effects of ethanol on Synechocystis. For
cyanobacterial ethanol production it is also necessary to address some basic questions, for
example to which extend photosynthesis and ethanol production are compatible processes
and if “bottlenecks” that might make the production of ethanol by algae inefficient can be
identified. With the help of transcription studies via Northern blotting and microarray ex-
periments, combined with knockout studies of regulatory genes and physiological analyses,
the stress ethanol and ethanol production is posing should be identified and characterized.
Further questions which should be addressed are, if there are methods to increase ethanol
tolerance and production rates in Synechocystis and if there is a connection between those
two. Further questions which should be elaborated are, if a specific signal to ethanol can
be identified and if cross-stress and adaptation experiments can yield information on the
resistance mechanisms of Synechocystis.
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2.1 Ethanol production
2.1.1 General properties ethanologenic Synechocystis in
optimized photo bioreactors
In order to analyze the effects of ethanol production in Synechocystis under state of the art
production conditions, a hybrid ethanologenic Synechocystis strain was provided by Cyano
Biofuels GmbH. The strain harbors a production cassette containing the pyruvate decar-
boxylase of Z. mobilis and the probable alcohol dehydrogenase adhA from Synechocystis
induced by copper depletion (see Material and methods chapter 3.2.16.).
A gradual difference in the visual color of the cultures between ethanologenic Synechocystis
and the non-ethanologenic control strain could be observed. A more yellowish pigmentation
of the ethanol producer compared to the rather blue-green reference strain was observed.
This change in cellular pigment composition could be due to the change in quantity of Chl
a and other pigments or pigment-containing complexes of Synechocystis such as PC or Car.
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Figure 3: Effect of engineered ethanol production on growth, Chl a content and glycogen
accumulation of Synechocystis. (A), (B) and (C) depict successive ethanol accumulation mar-
ked as dashed lines, representing the percentages of ethanol in the media in comparison to glycogen
accumulation (A), normalized Chl a content (B) and optical density at 750 nm (OD750) (C) repre-
sented in solid lines recorded up to 25 days after the induction. Circles and squares mark samples
taken from the control strain and producer cultures, respectively. Each data point represents the
mean of biological triplicates. The error bars denote standard deviations.
Monitoring the ethanol production over a period of 25 days revealed that the Synechocystis
cells equipped with an introduced fermentation pathway and grown under specialized pro-
duction environment are stably producing ethanol to a final concentration of 0.5 % (v/v)
(Fig.3). Along with the production of ethanol, a significant higher accumulation of glycogen
occurred in ethanol producing cultures compared to non-producing cultures (Fig.3A). The
glycogen concentration was highest at the stationary phase (two weeks after the onset of
the experiment) and then gradually declined in the time course. Glycogen is shown to play a
role in the adaptation mechanisms of Saccharomyces italicus to ethanol (Patil et al., 2011)
and therefore the observed glycogen accumulation in ethanologenic Synechocystis could be a
15
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result of an adaptation or a protective mechanism. While in the beginning of the experiment
(day one to six both strains exhibited a similar Chl a content later on the ethanologenic
Synechocystis cultures showed a drop in Chl a content in comparison to the control strain.
With the progression of the experiment, which was accompanied by a rise of ethanol con-
centrations within the media and increase in the cell density of the cultures, the difference in
relative Chl a content per OD750 dramatically increased between the ethanologenic and the
control strain (Fig.3B), and thus most likely resulting in the reduced ability of the producer
to utilize the incoming light.
2.1.2 Transcript accumulation of ethanologenic Synechocystis
cultures
Microarray experiments, which have been performed in cooperation between Cyano Biofuels
GmbH and the group of Prof. Dr. Wolfgang Hess (Experimental Bioinformatics, Albert-
Ludwigs University of Freiburg; microarray hybridization and analysis (Dr. Jens Georg), re-
vealed that even though dramatic loss of cell viability could be detected in the ethanologenic
Synechocystis cultures during the course of the ethanol production, relatively few changes in
the transcript accumulation could be observed. Certain genes which appeared to be relatively
strong regulated in the conducted microarray experiments were selected for further verifi-
cations by Northern blot analysis (Fig.4). Only two of the mRNAs, namely cpcB and rps8,
showed a strong and significant appearance (meaning that all different probes per annotated
gene reacted in the same way under all tested time points; data not shown) in the microarray
data. Nevertheless, the Northern blot analysis confirmed for all the selected candidates the
differential mRNA accumulation in the producer to the control strain which were selected
from the microarray data.
Figure 4: Transcript accumulation of selected mRNAs, detected by microarray experiments
and verified by Northern blot analyses. Northern blot analyses (B) with probes for cpcB, rps8,
fbaA, apcE and psaC with total RNA taken after 14 day of ethanol production and 1 µg used for
each lane before the blotting on a nylon membrane and semi-quantitative analysis of the microarray
data (A).
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2.1.3 Microarray verification by Northern blot analyses
Microarray probes for cpcB showed a dramatic and very significant decrease of the corre-
sponding mRNA under ethanologenic conditions in Synechocystis (Fig.4A). Northern blot
analyses with a cpcB-specific probe confirmed that the functional bi-cistronic transcript of
cpcBA (~1500 nt in length) vanished almost completely during ethanol production (Fig.4B).
While the differential expressions of the other analyzed transcripts were not as striking as
the one observed for cpcB and rps8, they certainly have to be taken into account. Mi-
croarray data analysis and Northern blot verification revealed three further specific changes
in the mRNA accumulation under ethanologenic conditions. The changes include namely a
down-regulation of apcE (slr0335), which is the corresponding transcript of a phycobilisome
core-membrane linker polypeptide, than the down-regulation of the transcripts of the PS I
subunit PsaC (ssl0563), and the down-regulation of the transcripts of an important glycolytic
enzyme FbaA (sll0018). As in the case of transcripts of PC, the steady-state accumulation
of these transcripts can also be traced back to toxicity of ethanol and for the case of FbaA
and Rps8 it will be shown later in this work (chapter 2.3.8.).
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min and 276 after 24 h. Sorted by level of the transcript accumulation of an up or down-
regulation of 0.5, the picture becomes more clear with 192 transcripts being regulated after
24 h, 16 after 120 min and 49 after 30 min with 0.5 % [v/v] ethanol. A clear difference in the
overall expression pattern can be seen in the time course of one day. A strong fast reaction
(30 min) and a strong late reaction (24 h) can be found. To catch the immediate response
upon ethanol, the concentration used was a sub-lethal concentration of 2 % [v/v]. 2 % [v/v]
ethanol was also used for further experiments. 0.05 % [v/v] ethanol was used as an ethanol
concentration in which cells show no effect on growth retardation and cell viability. 0.05 %
[v/v] ethanol was also the ethanol concentration in the medium of ethanologenic Synecho-
cystis, under standard laboratory condition, when they were harvested. 229 transcripts have
been affected significantly affected under 2 % [v/v] ethanol under which 168 transcripts were
regulated above the level of 0.5 and 67 and 27 respectively at 0.05 % [v/v] ethanol. Parallel
conducted experiments with Synechocystis cultures harboring an ethanol production cassette
with a stress reacting promotor (HspA) driven expression of Z.mobilis pyruvat decarboxylase
and the probable Synechocystis alcoholdehydrogenase (AdhA) (slr1192) showed 368 signifi-
cantly changed genes and 220 over a level of 0.5 (cultivation done by Dr. Jan Kehr). Samples
for the producer have been taken in the beginning of the production at an OD750 of ~1.2 as
it has been the case of the other cultures used in the microarray experiments. A summary of
transcription pattern can be found in Tab.1 and a complete list of significantly differentially
regulated genes in the context of all annotated Synechocystis genes can be found in supple-
mental Tab.1. A similar picture was observed in literature. A comparative study on the data
of different microarray experiments of different groups that analyzed the effects of ethanol
on yeast showed that the affected gene categories (gene ontology categories) were similar
(Stanley et al. 1997). Analogies to these ontology categories (Fig.5) can be found to a similar
extent in the transcriptional effects Synechocystis exhibits after exposure to ethanol.
Figure 5: Differential regulated genes of ethanol dependent transcription response sor-
ted by functional categories. Significant (p-value < 0.05) changes in transcription in microarray
experiments with external ethanol.
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As strong transcriptional changes stayed limited, the purpose of the detailed look into the si-
gnificant changes is determining the targets of ethanol, to give an understandable background
for certain phenomena and for didactical reasons. Particularly striking in its appearance with
its relative high induction in multiple experimental setups was cpcG2. Together with psbA2,
as one of the representative of the up-regulated PS II related genes after 24 h in 0.5 % [v/v]
ethanol and pilA7, as a gene encoding a cell envelope located pilus with an unknown func-
tion, were selected for the verification experiments for the microarray experiments. Analyzes
via Northern blotting showed all tested signals consistently to the presented microarray data
(Fig.6).
Figure 6: Northern blot verification of microarray experiments. Northern blot experiments with
probes for cpcG2, psbA2 and pilA7 . Total RNA was taken from cultures with 2 % [v/v] ethanol after
30 min (pilA7 and cpcG2) and from cultures with 0.5 % [v/v] ethanol after 120 min (cpcG2) and
18 / 22 h (psbA2), respectively. Each signal represents a biological replicate used for the microarray
experiment (cpcG2, pilA7) and for a further control experiment (psbA2).
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presentation of the microarray data are mainly focused on the transcriptional response to
external ethanol. Nevertheless at certain points principle differences arises which have to be
discussed. Judging the transcriptional cell response difference, between ethanologenic and
ethanol treated Synechocystis cultures show next to the very apparent difference in a strong
up-regulation of the MRP cluster in ethanologenic Synechocystis another remarkable feature.
Ethanol treated cells showed no general stress response associated with the heat shock re-
sponse. This is quite surprising as ethanol response generally seems to be associated with the
heat shock response in various organisms (Bokhorst-van de Veen et al., 2011; Sang-Ho-Park
et al., 2001). On the contrary genes coding for the heat shock protein Hsp33 and DnaK1
were down-regulated under ethanol exposure in Synechocystis. On the contrary ethanologe-
nic Synechocystis exhibits a clear accumulation of heat shock response associated transcripts
hspA, dnaJ, grpE. GroEL1 showed to be an interesting candidate for further analyses as its
corresponding gene is differentially regulated under heat and cold stress (Kovács et al., 2001)
as well as under ethanologenic and ethanol treated cells (supplemental Tab.1). GroEL1 will
be presented in the context of experiments of the toxic intermediate acetaldehyde (chapter
2.4.3.) later in this work. Another difference can be seen in the profile of affected genes
coding for sigma factors. While ethanol treated Synechocystis cultures showed only a down-
regulation of sigA, which was also observed under ethanologenic conditions, ethanologenic
Synechocystis showed also a down-regulation of sigI and sigE. Subsequent Northern blot ana-
lyses with Synechocystis cultures treated with 2 % [v/v] ethanol for 24 h with sigD,E,F,G,H,I
probes yielded no clear differences in signals. The aforementioned analyzes with acetaldehyde
may also here be a contributing factor.
2.2.2.3 Miscellaneous transcription factors and synthesis related genes of
amino acids and nucleotides
In other organisms it was shown that a specific composition of amino acids could enhance
the ethanol tolerance. As in many organisms, also for yeast was reported (Kaino et al., 2008)
that prolin acts as stress protectant. Under ethanol exposure, transcripts coding for tRNA
synthetases (for histidine, lysine, argenine) were down-regulated. All are alkaline amino acids
and lysyl-tRNA synthetase is an interaction partner of thioredoxin (Trx) and will be discussed
later in this work. In contrast to the aforementioned tRNA synthetases, transcripts coding
for tRNA synthetases of proline, glycine and phenylalanine were elevated under 2 % [v/v]
ethanol.
Special attention should be taken to the up-regulation in ethanol producing Synechocystis
cells of the tryptophan synthase beta subunit (slr0543) as ethanol adapted E. coli highly
accumulates tryptophan as reaction to 5 % [v/v] ethanol (Horinouchi et al. 2010). Nucleotide
synthesis appeared in general down regulated with the exception of prs after 24 h in ethanol.
Also apart from the transcription factors, which were discussed in this work, two further genes
coding for transcript factors were found to be down regulated. The genes coding for Hik6 was
down-regulated (-0.54) after 30 min and the gene coding for Rre18 was down regulated after
24 h by –0.6 at the presence of 0.5 % [v/v] ethanol. Hik6 is associated with the membrane
composition under cold stress (Sugita et al., 2007) and Rre18 plays a role under UV-B Stress
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further play a bigger role in the negative effects of ethanol on Synechocystis cells as it was
shown that the fluidity of the membrane plays also a crucial role in the adhesion of the PC
proteins. This can be seen in the detachment of the PC proteins under a cold temperature
shift (Ulrich et al., 1979).
Protein membrane interaction which is leading to a rigidification of the membrane was pro-
posed to be a major course of ethanol induced cell disturbance of the membranes (Grac et
al., 2003).
2.2.2.6 The ethanol dependent response on the photosystems of Synechocystis
and a possible connection to energy transfer and redox associated genes
Next to the described ethanol dependent effects genes coding for proteins associated with
the Chl synthesis were affected. Despite the up-regulation of one gene, slr0056, encoding
the 33kd subunit of the Chl synthetase by 0.63 at the end concentration of 0.05 % [v/v]
ethanol, Chl synthesis related genes had the tendency to be down-regulated. This is indica-
ting a connection between their transcript accumulation and the later in this work presented
measured Chl impairment in ethanol treated Synechocystis cultures (chapter 2.3.1.). After 30
min in ethanol the gene encoding for the oxygen-dependent coproporphyrinogen III oxidase
HemF (Schluchter et al. 1997) was down-regulated with -0.49 in 0.5 % [v/v] ethanol and the
gene coding for the oxygen-independent coproporphyrinogen III oxidase (sll1876) HemN was
down-regulated with -0.61 at 2 % [v/v] ethanol treated cultures. Transcripts for the cobala-
min synthesis protein CobW homolog slr0502 and the precorrin-6y C5, 15-methyltransferase
CobL were down-regulated by -0.96 after 24 h in 0.5% [v/v] ethanol. Another aspect, the
decarboxylating function of CobL, must also be taken into account in identifying the causa-
lities of its transcriptional appearance. The gene for the iron stress Chl binding protein IsiA
was up-regulated by 0.95 after 30 min in 2 % [v/v] ethanol and the gene for the billiverdin
reductase (slr1784), a protein used in the phycobilliprotein sythesis (Schluchter et al. 1997),
was down-regulated by -0.48. Also seen was an up-regulation of the gene coding for the
phytoene synthase CrtB, which is involved in the synthesis of Car (Sozer et al. 2010), by
0.53 after 24 h in 0.5 % [v/v] ethanol. Together with the above mentioned transcriptional
changes it could give an indication that ethanol treatment leads to an impairment of pigment
containing elements of Synechocystis. Whole-cell absorption spectra (Fig.13 / Fig.15) and
Car measurements l (Fig.16) of ethanol treated Synechocystis later in this work will draw
the possible connection.
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and 1.09 respectively. Also the gene coding for PsbT another component of the PS II was
up regulated by 1.10.
Only two genes associated with the PS I were up regulated. One is coding the precursor
of the reaction center subunit III with an induction of 0.92 and the second is for the PS I
subunit I, psaD, which was up regulated by 0.58.
The up-regulation of the gene for the mangan transporter MntC (Tab.8) goes hand in hand
with an up-regulation of the genes coding for the D1 protein. Additionally the gene for PsbO
the PS II manganese-stabilizing polypeptide gets up-regulated after 24 h in 0.5 % [v/v]
ethanol by 0.69. Mn is needed for the oxygen evolution at the D1 Protein (Bartsevich et
al., 1995). This is already indicating a problem with the redox status of the cells as D1
protein is the preferential target of reactive oxygen species. Also the gene coding for the
glycine decarboxylase complex, represented at ethanol stress with the transcription of gcvP
was down regulated. GcvP, the corresponding protein, plays a crucial role in adaptation to
high light (Hackenberg et al., 2009). Additional two genes which are coding for phytochrome
associated histedine kinases were up regulated after 30 min. hik35 by 0.88 at 0.5 % [v/v]
ethanol and hik32 by 1.15 at 2 % [v/v] ethanol.
Phycobilisomes get immobilized in glycine betaine solution (Yang et al., 2007) and under high
osmotic condition and therefore it was suggested that water activity around the thylakoid
membrane has a major influence on the reaction centers (Kondo et al., 2009). Synechocys-
tis has two different phycobilisomes with a difference in their core linkers which plays an
important role in the reconstitution of rods and allophycocyanins (Glickand and Zilinskas,
1982). CpcG2 has in contrast to CpcG1 a hydrophobic region and has a proposed non-
specific interaction with the membrane on which its preference to PS I is based (Kondo et
al., 2009) and therefore might have different interaction properties with ethanol. CpcG2 has
also unique properties as it is associated with the PS I but gets up regulated under PS II
condition (Hihara et al., 2001) so it does not contradict the strong preferential up-regulation
of PS II genes under ethanol treatment. Generally, the PS stoichiometry PS I / PS II ratio
is redox regulated, and prolonged excess excitation of PS II versus PS I induces a higher PS
stoichiometry PS I / PS II ratio and vice versa (Fujita, 1997). During state transitions CpcG2
stays solely at the PS I (Kondo et al., 2009) and therefore a possible difference in ethanol
interaction could be one contributing factor for a possible ethanol dependent impairment
with the state transition of Synechocystis. A possible impairment with the state transition of
Synechocystis is also in accordance with fluorescence measurements which showed an imme-
diate misbalance of the PS of ethanol treated encapsulated Synechocystis cells which lead
to a reduced plastoquinine pool (David et al., 2011) and therefore should trigger a response
as it is seen in redox stressed cells. The proposed photo protective transcriptional response
(David et al. 2011) might be seen i.e. by the up-regulation of genes coding for PsbO and
PsbU. Both have their function in the protection of the PS (Summerfield et al., 2007).
A few genes coding for proteins associated with the energy transfer have been found to be
regulated in response to 0.5 % [v/v] ethanol after 24 h. Genes encoding for the cytochrome
b6-f complex subunit PetM (smr003), which has a regulatory function in the redox state of
the cells (Schneider et al., 2001), as well as the response regulator for energy transfer from
phycobilisomes to PS, Rre26 (slr0947), were up regulated by 0.79 and 0.70 respectively. After
35
2 Results and Discussion
30 min the transcripts for cytochrome c oxidase subunit II CtaC (sll0813) and the cytochrome
b559 b subunit PsbF were also slightly up regulated. In detail ctaC was up-regulated by 0.24
at 2 % [v/v] ethanol and psbF by 0.24 at 0.5 % [v/v] ethanol.
One example of a gene, which had a reduction in transcription in all three experimental con-
centrations after 30 min, was sll0449 a hypothetical protein which has a postulated function
to protect the photosynthetic mechanism by regenerating the oxidized form of NADP+ and
thereby preventing the over-reduction of the electron transport chain and the associated pho-
todamage to PS II (Wang et al., 2004). Further other energy transfer associated regulated
genes were for 2 % [v/v] ethanol cytM with a down-regulation of -0.75 after 30 min as well
as the gene coding for the NADH+ dehydrogenase subunit NdhB by –0.58. ndhB was also
down regulated after 120 min in 0.5 % [v/v] ethanol by 0.6. Also found regulated was the
gene coding for the nitroreductase-like protein DrgA by -1.03 in 0.5 % [v/v] ethanol after 24
h. DrgA plays a role in the electron flow from PS I (Elanskaya et al., 2004).
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coding for the fructose 1.6-bisphosphatase II Glx gets regulated. Glx is the next enzyme
after FbaA in the pathway. FbaA was also found to be constantly down regulated under
production condition (Fig.4B). Also found down regulated Trx target are gene coding for
the lysyl-tRNA synthetase which was already mentioned above. More examples which can be
found are a down-regulation of the gene encoding the argininosuccinatelyase purB by -0.3
at 0.5 % [v/v] ethanol and by -0.89 at 2 % [v/v] ethanol. After 30 min, an up-regulation of
the gene encoding the glycolysis involved protein Eno in 0.5 % [v/v] ethanol by 1.03 and a
down-regulation of the gene coding glycogenphosphorylase GlgA by -1.1 after 24 h occurred.
Additionally at 2 % [v/v] ethanol after 30 min the gene coding for the phosphoribulokinase
RpiA was up regulated by 0.91.
Summarized it can be said that genes which are coding for proteins in Trx related processes
play a major in the ethanol dependent transcriptional response. The difference in transcript
accumulation of the gene encoding for FbaA (Fig.4) under ethanol production condition
indicating that Trx related processes also play a role in the cellular response of ethanologenic
Synechocystis. Also the observed accumulation of glycogen in ethanologenic Synechocystis
(Fig.3) could be in connection with Trx modulated processes. Indication for this could be the
above mentioned regulation of the gene coding for GlgA. Further Trx modulated processes
could also play a role in the potential down-regulation of the translation seen in chapter
2.2.4. and with further various parts of the energy metabolism of Synechocystis presented
bellow.
Ethanol leads to a down-regulation of the gene coding the enolase Eno and the gene co-
ding the phosphofructokinase PfkA at 2 % [v/v] ethanol after 30 min by -1.04 and –0.51
respectively. Also at 2 % [v/v] ethanol after 30 min the the transcripts for the ribose 5-
phosphate isomerase RpiA and the GDP-mannose 4,6-dehydratase Gmd as well as the GTP
pyrophosphokinase SpoT were down-regulated by –0.93, -0.97 and –0.54 respectively.
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A possible explanation for these observed phenomena is proposed in the following. The
PC linker Cpg2 showed to be strongly up-regulated at the beginning of ethanol exposure.
One possible consequence could be that CpcG2 which solely binds to PSI has attachment
problems with the membrane during ethanol exposure. This could lead to over reduction of
the plastoquinone pool. A reduction of the plastoquinone pool as reaction to ethanol was
also shown in florescence meassurements of the PS (David et al. 2011). The up-regulation
of the PS II genes might be in the same connection. Subsequently the cells might try to
perform a state transition to rebalance the exciting energy which might gets impaired by the
properties of CpcG2. As a consequence the energy metabolism could be misbalanced and the
above mentioned glycolysis genes get down-regulated after 30 min in 2 % [v/v] ethanol. Also
the down-regulation of sucrose- and glycogen-related genes occurred. The above mentioned
connection of Trx to genes of this category could play an essential role. Another aspect which
might play a role is an interconnection between pyruvat and the ion homeostasis. Arthrospira
maxima cells for example compensating artificial sodium gradients by increasing the energy
conversion via the carbohydrate catabolism (Carrieri et al., 2011).
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2.3 Physiological consequences of ethanol exposure
2.3.1 Growth and chlorophyll measurements of ethanol treated
Synechocystis cultures
To validate the effects of ethanol, a seven-day long-term ethanol exposure experiment was
conducted (Fig.7) and the effects were described. In the experiment the cultures started with
an ethanol concentration of 2 % [v/v] and after 7 days ended due evaporation with a con-
centration of 0.5 % [v/v], which resembled the state-of-the-art optimized ethanol production
yield reached in this study (chapter 2.1.1.).
Figure 7: Growth properties and chlorophyll content of ethanol treated Synechocystis.
Growth properties under standard laboratory conditions measured by optical densities (A) and relative
Chl a content of ethanol treated cultures (squares) and untreated control group (circles), depicted
with the ethanol concentration in the medium of ethanol treated cultures (dotted line). Each data
point represents the mean of biological duplicates and double measurements. The error bars denote
standard deviations.
Ethanol exposure leads to retardation of cell reproductivity and cell viability. After one day,
when the growth properties stayed relatively unchanged compared to untreated cultures, the
cultures exhibited a strong retardation of the cell reproductivity. This can be already seen
on day 3 and 4 and even stronger at day 7 with a steeper growth curve and higher end
cell count of the untreated cells (Fig.7A). The Chl content of untreated Synechocystis was
always higher compared to Synechocystis treated with 2 % [v/v] ethanol (Fig. 7B).
2.3.2 Elevating ethanol tolerance
Ethanol showed to have impairment with cellular process on multiple levels (Stanley et al.
1997). The fundamental question must be posed if it is possible to encounter such a systemic
stress in Synechocystis. To address this question, Synechocystis cultures of the previously
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described experiment (chapter 2.3.1.) have been diluted to OD750 0.8 and the ethanol con-
centration was re-adjusted to 2 % [v/v] in a repeatable manner for around 3 months. This
way an adaptation to the experimental condition through serial culture directed laboratory
evolution was achieved. The same was done with a concentration of 1 %. After 11 rounds
/ weeks the cultures have been analyzed and compared to the WT (Fig.8). The strains
have been termed for further use as Synechocystis PCC6803-JL1 (JL1) and Synechocystis
PCC6803-JL2 (JL2) respectively.
Directed laboratory evolution via serial culture experiments revealed that a pre-adaptation
to an experimental environment including ethanol concentrations up to 2 % [v/v] (Fig.4)
leads to an enhanced tolerance towards ethanol as demonstrated by the reduced retardation
of the cell growth Synechocystis exhibits after ethanol treatment (Fig.6). Thus, it is possible
to achieve an elevated tolerance of Synechocystis towards ethanol. Under both tested non-
lethal ethanol concentrations in the medium (1 % [v/v] and 2 % [v/v] ethanol), the pre-
adapted strains outperformed the WT with respect to growth in ethanol-spiked media. JL2
performed slightly better than JL1 and was used for further analyses. At 1 % [v/v] ethanol
in the media, JL2 cultures already clearly outperformed the WT and JL1 cultures. At 2 %
[v/v] ethanol in the medium, JL1 and JL2 exhibit only a slight decrease of the growth rate
while WT cultures showed a clear retardation of growth. 5 % [v/v] ethanol in the media
completely inhibited growth of all cultures and seems to exceed the adaptation capacity of
Synechocystis cultures under this laboratory conditions and the given time frame.
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Figure 8: Comparison of growth properties at various (0 %, 1 %, 2 % and 5 % [v/v])
ethanol concentrations of Synechocystis cultures and Synechocystis cultures with a pre-
adaptation to the laboratory environment. Squares represent Synechocystis cultures with a
pre-adaptation to the laboratory environment with ethanol concentration ranging from 2 % [v/v] to
0.5 % [v/v] (JL2) and a pre-adaptation to an ethanol maxima of 1 % [v/v] (JL1) compared to the
WT depicted in triangles. Experiments were performed in 100 ml Erlenmeyer flask, 40 ml culture,
continuous light of about 40 µE m−2s−1 and mild shaking. Each data point represents the mean of
biological triplicates. The error bars denote standard deviations.
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2.3.3 Quick test for ethanol-adapted Synechocystis cultures
Figure 9: Quick test reference picture for distinguishing between WT and JL2. JL2 (A) and
WT (B) under 0 % [v/v], 2 % [v/v] and 3 % [v/v] ethanol in six-well plates with 5 mL cultures held
under ~ 40 µE m−2 s−1 light and mild shaking after an incubation period of 24 h.
In order to distinguish between JL2 strains and WT for ongoing experiments a quick test
system for the cultures has been established. Before starting a new experiment, a time frame
of seven days, in which no ethanol was in the medium, was held. New experiments with
ethanol adapted strains started with a standardized quick test in which JL2 cultures were
compared to the WT. The test is based on a 24 h stress experiment in which the different
stains were spiked with different ethanol concentration in 6-well plates with a 5 mL culture
volume. The results were evaluated visually compared to a reference (Fig.9). Growth analysis
in 6-well plates showed a clear visual difference at the different tested concentrations of
ethanol. With 2 % [v/v] ethanol treated WT Synechocystis cultures exhibit, in contrast
to JL2 cultures, a strong agglomeration effect, which became stronger at a concentration
of 3 % [v/v] ethanol in the media. At this concentration, JL2 cells started to exhibit a
slightly similar effect. All cultures exhibited increasing growth retardation with rising ethanol
concentrations. All these factors have been used as a confirmation before the experiments.
Ethanol adapted Synechocystis appeared to have different sedimentation properties (Fig.9),
generally a marker for impairment with pili, and thus slightly backing the observation of the
impairment of ethanol with pili like structures. In order to pin point a change of ethanol
adaptation PilA7 was analyzed on the Northern blot level. No significant difference between
JL2 and WT cultures after the treatment with 2 % [v/v] ethanol (data not shown) was
observed, validating the impairment of ethanol with the corresponding gene for PilA7 but
giving no further information concerning the sedimentation property differences. The observed
agglomeration of Synechocystis cultures in 6-well-plates after ethanol treatment (Fig.9) could
further highlight the ethanol dependent impairment on cellular appendices.
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2.3.4 Properties of an ethanol-adapted strain under production
condition
In order to determine, whether an elevated tolerance against ethanol leads to an increased
ethanol production, cultures of pre-adapted Synechocystis, which show the desired attitude
(JL2) were conjugated with the ethanol production construct (chapter 3.2.6.4.) and compared
to the corresponding WT control strain (Fig.10). The growth advances to WT of the JL2
strains under external ethanol (Fig.8) can be also be seen under ethanologenic conditions
(Fig.10A). After 24 h the growth superiority of JL2 producer compared to a WT producer is
already visible and increases successively with the onset of the time. The comparison study
revealed that JL2 strains which are used as the production platform for ethanol showed further
favorably attributes. Ethanologenic JL2 strains showed an elevated Chl a content under all
tested time points and conditions, and further generated more ethanol. A relative percentile
surplus (Fig.10B) of Chl a content of ethanologenic JL2 producer strains was observed. It
shows a constant elevation with slight decrease in the first four days of ethanol production.
The effect gets successively more visible and vivid with the onset of the production time and
reaching over 60 % of the level of the ethanologenic WT strain. Parallel conducted control
experiments with non- ethanologenic JL2 strains compared to a WT strain with no ethanol
in the media showed a constant Chl a content under the same conditions and with 2 % [v/v]
ethanol in the media, like in ethanologenic conditions, a higher Chl a content of JL2 was
observed (data not shown). In the first days, the Chl a content surplus is comparable between
non-ethanologenic conditions and ethanologenic conditions and increases successively on a
prolonged time frame reaching the highest point of the experiment up to nearly 100 % surplus
of the Chl a content of the compared WT. Ethanol measurements in media of ethanologenic
cultures depicted an increased ethanol production under the tested conditions, which reached
a relative percentile production surplus of over 150 % of the JL2 strain. It can be stated that
a pre-adaptation to laboratory conditions and ethanol containing media leads to a significant
increase in ethanol production under unchanged cultivation conditions.
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Figure 10: Growth properties and relative percentile surplus of Chl a content and ethanol
generation of ethanologenic JL2 strain compared to an ethanologenic Synechocystis strain
derived from a WT. Comparison of growth properties (A) of pre-adapted ethanologenic Synecho-
cystis strains (JL2) (circles) vs. ethanologenic WT (squares) via optical density measurements at
750 nm (OD750) and relative percentile surplus of Chl a (B) content of ethanologenic cultures (tri-
angles) and non-ethanologenic cultures (squares) depict with the relative ethanol production surplus
of JL2 to WT in dotted lines. The error bars denote standard deviations of duplicates under standard
laboratory conditions.
2.3.5 Properties of an ethanol-adapted strain under high salinity
conditions
High salt stress experiments with an increasing concentration of sea salts have been conducted
(Fig.10). Under expected up-scaled production environment, conditions can change due to
evaporation in the direction of higher salinity. Also, the question if acquired tolerance towards
one stress (ethanol) can lead to new effects in other stress conditions (high salt stress) was
addressed.
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Figure 11: Growth properties (A) and relative Chl a content surplus in percent on day 9
(B) of pre-adapted Synechocystis cultures (JL2) compared to WT cultures. Circles mark
WT, squares JL2 cultures. Seawater salts concentrations are depict by solid lines for 1 fold seawater
concentration, big dotted lines for 2 fold of seawater concentration, small dotted lines for 2,5 fold of
seawater concentration and solid lines with empty symbols for 3 fold of seawater concentration de-
notate as 1xSW, 2xSW, 2,5xSW and 3xSW respectively. The error bars denotate standard deviations
of duplicates under standard laboratory conditions with 40 mL Erlenmeyer flasks.
Although JL2 cultures showed no clear growth advantages in higher salt concentrations, but
rather show a salt concentration specific growth change compared to the WT (Fig.11A),
the observed phenotype under ethanol stress with its elevated Chl a content cannot only be
seen under the former tested condition but is manifesting also with rising salt concentrations
(Fig.11B). The experiment also indicated that both used strains are very tolerant to high
salt conditions and can at least survive under high salt stress with 2.5 fold seawater salts for
9 days. All in all high salinity experiments are indicating that the observed phenotype of JL2
is seen under different condition and that both stresses bear similarities to each other.
2.4 Impairment of ethanol with the pigment
composition of Synechocystis
2.4.1 External ethanol influences the pigment composition of
Synechocystis
External ethanol leads to clear changes in the pigment compositions of Synechocystis. Spec-
tral analyses of ethanol treated cells showed an absorption patterns with a fast decrease of
PC absorption and, to lesser extend, a decrease in the Chl a absorption. Whole-cell absorption
spectra of ethanol treated Synechocystis cultures confirmed the decrease in Chl a content
as observed in the Chl a measurements of ethanol treated cells. Also a decrease of PC ab-
sorption was detected. In accordance to described absorption peaks (Barber, 1987) ethanol
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treated Synechocystis cultures show a steady decrease of the Chl a absorption at ~680 nm
and the PC absorption at ~620 nm. Already 24 h (Fig.12) after the inoculation with 2 %
[v/v] ethanol, a decrease of Chl a and the PC absorption can be seen with a marginal higher
decrease of the PC absorption. After 48 h (B) and 72 h (C) these effects became stronger
with PC absorption on the same level as the Chl a absorption on day 3. After seven days
(D), the PC absorption decreased to a very low level, smaller than the Chl a absorption. Also
a change in the carotenoid (Car) content can be observed in the spectra.
Figure 12: Whole-cell absorption spectra of ethanol treated Synechocystis. Whole-cell ab-
sorption spectra of ethanol treated as well as non-treated Synechocystis cultures with a start inocu-
lation of 2 % [v/v] ethanol. Four representative spectra were measured: day 1 (A), day 2 (B), day
3 (C) and day 7 (D). Solid lines represent untreated cultures dotted lines represent cultures treated
with ethanol. Black and red lines represent two different biological replicas.
49
2 Results and Discussion
2.4.2 The pigment composition of pre-adapted Synechocystis
under ethanologenic and ethanol treatment conditions
The loss of Chl a content as well as the surplus of Chl a content under ethanologenic and
external ethanol conditions of JL2 is also reflected in whole-cell absorption spectra analyzes,
in which WT and JL2 were monitored in parallel under ethanologenic and ethanol treatment
conditions with 2 % [v/v]. Whole-cell absorption spectra of parallel monitored JL2 cultures
under ethanologenic and non-ethanologenic as well as on external ethanol conditions show
an elevated Chl a absorption at ~680 nm under all tested conditions compared to the WT
(Fig.13B). The greatest difference between the Chl a absorptions can be seen under treatment
with 2 % [v/v] ethanol in which already after two days WT cultures dramatically decreased
their Chl a absorption while JL2 cultures kept their Chl a absorption level relatively constant.
The PC at absorption at ~620 nm in JL2 exhibits a similar decrease as in the WT under
external ethanol treatment (Fig.13B), in which both strains show approximately the same
PC absorption area under the peak during the first days (day 2 and day 3). After two weeks
(Fig.13B,D) the PC absorption of the JL2 strain regenerates to higher levels as well as
the Chl a absorption, while WT strains keep only basal level of the absorption. The similar
picture can be observed at ethanologenic conditions. The strong decrease in the Chl a and PC
absorption validate a decrease in cell viability under ethanol treatment and ethanol production
of Synechocystis WT cultures. Under ethanologenic conditions (Fig.13B,A,D) JL2 cultures
exhibit a more stable PC absorption. Further JL2 and WT strain exhibited a clear change in
other pigment-containing elements under ethanol treatment and ethanologenic conditions.
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Figure 13: Whole-cell absorption spectra of ethanol treated and ethanol producing Syn-
echocystis. Whole-cell absorption spectra of pre-adapted Synechocystis (JL2) cultures (red) com-
pared to WT cultures (black) under ethanologenic ((A), (C), (D)) and external ethanol conditions
((B), (C), (D)). Diagram (A) marks three representative time points after the induction of the
ethanol production at day 3, 7 and 14, depicted as filled, dotted and small dotted lines respectively.
Diagram (B) shows whole-cell absorption spectra of Synechocystis treated with 2 % [v/v] ethanol
at day 2 and 3, solid and dotted lines respectively. (C) and (D) show ethanologenic Synechocystis
compared to Synechocystis under external ethanol condition. Ethanologenic strains are depicted in
dotted lines, compared to external ethanol conditions, depicted in small dotted lines at day 2 (C)
and filled lines at day 14 (D) and the untreated and non-ethanologenic WT at day 2 (solid lines).
Cultivation was done in standard laboratory condition as duplicates.
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2.4.3 Whole-cell absorption spectra of high salt stress treated
pre adapted Synechocystis cultures
Figure 14: Whole-cell absorption spectra of Synechocystis under different high salinity
conditions. Whole-cell absorption spectra high salt stress treated JL2 Synechocystis cultures mar-
ked in dotted lines compared to WT strain depicted in solid lines under four rising seawater salt
concentration from 1 fold (A), 2 fold (B), 2.5 fold (C) to 3 fold (D) on up to 3 representative days
marked in different colors from black (day 3), red (day 7) to blue (day 9).
For further analyzes of the observed elevated Chl a content in JL2 strain under various
high salinity conditions whole cell absorption spectra were measured. JL2 culture showed
a different picture on the reaction of high salinity with respect to pigment-contents. JL2
doesn’t have the sharp decline in the Chl a absorption which the WT is experiencing. This
picture is similar of what could be observed under external ethanol and ethanol production
conditions. Comparison of the whole-cell spectra of all different tested stress conditions
showed a stabilized Chl a absorption (Fig.14), while the difference of PC absorption between
JL2 and WT in the spectra is varying from stress to stress.
Cross stress experiments with salt stress showed that under salt stress the WT is drastically
loosing Chl a continent while ethanol adapted strains have a stable Chl a absorption (Fig.14)
indicating that under long time adaptation to ethanol salt stress resistance plays an important
role.
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2.4.4 Whole-cell absorption spectra of highly controlled
ethanologenic Synechocystis
Also in optimized reactors the loss in Chl a content is reflected in whole-cell absorbance
spectra of ethanologenic cultures compared to the control strain (Fig.15) with a steady
decrease of the Chl a absorption at ~680 nm.
Figure 15: Whole-cell absorption spectra of producing and non-producing Synechocystis
cultures. Spectra are taken on day 4 (A), day 11 (B), day 28 (C) and as a representation of a mixed
chart on the time frame of the experiment (D).
Fig.15 reflecting the course of events Synechocystis cultures goes through the production of
ethanol. In the starting phase of the experiment at day 4 (Fig.15A), a sharp and dramatic
decline of the PC absorption at ~620 nm can be observed, while the Chl a absorption at
~680 nm stays relatively stable compared to the control strain. This is also reflected in
the taken Chl a measurements (Fig.3B). At day 11 (Fig.18B) PC seemed to decrease to a
marginal level, the Chl a absorption also begins to decline. Furthermore, a clear change in
Car absorption at ~450-520 nm can be observed. By the end of the experiment (Fig.18C),
(after 4 weeks of ethanol production) the Chl a absorption at ~680 nm also declines to a
marginal level and completely decreases the cell viability of the cultures.
2.4.5 Carotenoid contents of ethanologenic Synechocystis
Car content analyses by HPLC were done by Cyanobiofuels GmbH. Car were determined
at the beginning (day 4) and at the end (day 18) of the experiment in which a successive
accumulation of a difference between the Car species (Fig.16) of ethanol producing cultures
compared to the control strain can be observed.
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Figure 16: HPLC analyses of specific carotenoid contents of ethanologenic Synechocystis.
HPLC analyses of specific Car content of ethanologenic Synechocystis. Specific Car content from
cultures of ethanologenic (Producer) and non-producing (WT) Synechocystis cultures in optimized
photo bioreactor after 4 and 18 days.
HPLC measurements of the Car content revealed that ethanologenic Synechocystis cultures
accumulated myxoxantophyll and zeaxanthin selectively in a high manner while β-carotene
and echinenone stay at a comparable level to the control strain. The effect is already vivid at
the beginning of the ethanol production after four days and gets prominent in the late phase
of the production at day 18. In general a decreasing Car content is a sign of a break down
of the photosynthesis but was also observed to accumulate differentially under cold stress
(Kłodawska et al., 2012).
2.4.6 Phycocyanin subunits transcripts after ethanol production
and ethanol exposure
Whole-cell spectral analyses of ethnologic Synechocystis revealed fundamental changes in
PC content with a dramatic decrease of the PC absorption at ~620 nm (Fig.15). Accordin-
gly, subsequent transcriptional analyses by Northern blotting of the main PC operon (cpc-
BAC2C1D) revealed a lower abundance of the functional bi-cistronic transcript cpcBA (~1500
nt in length) while a new specific band termed as cpcA+ arose.
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Figure 17: Northern blot analyses of phycocyanin subunits cpcB and cpcA in long term
ethanologenic conditions. Northern blot analyses of cpcA and cpcB accumulation in an ethanol
producing strain (P) of Synechocystis, compared to control cultures (C). Samples from two repre-
sentative days at the late phase of the ethanol production (day 14 (A); day 18 (B)) 500 ng total
RNA marked as loading control.
To further investigate the origin of observed signal pattern probes of different parts of the
main PC operon (cpcBAC2C1D) were used to pin point the consistence of the fetched
transcriptional signal.
Under standard laboratory conditions Synechocystis cultures which were exposed to an etha-
nol concentration of 2 % [v/v] showed the unique cpcA+ signal (Fig.18). The signal is at
least consisting of the approximately 2/3, from the 3’ part on, of a cpcA transcript. Probes
for other genes of the operon as cpcB, cpcC1, cpcC2 and cpcD, showed a similar picture as
the 5’ cpcA probe and further confirming this specific observation (data not shown). One
good advantage taken from the Northern blot method is that by analyzing the hybridization
bands a specific new signal appeared. This phenomenon might play a crucial role in explaining
the fundamental PC loss or also just be the visual consequence of it. It also may find a good
use as a biotechnological marker for ethanol presence in the medium.
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Figure 18: Northern blot analyses of the first part of the phycocyanin operon (cpcBAC2C1D).
Schematic display of the genomic region of the cpcBA co-transcript (green) (A), the localization of
three different cpcA probes (blue) (A) and the corresponding Northern blot analyses (B) after 72 h
of exposure to 2 % [v/v] ethanol under standard laboratory condition. 1 µg of total RNA and was
used for every lane and blotted on a nylon membrane.
From the physiological data generated for this work and the transcriptional data received
from the microarray it can be concluded that ethanol production (Fig.3) as well as ethanol
treatment (Fig.7) leads to a dramatic decrease in cell reproductivity and cell viability seen in
the Chl a content and in Northern blot analyses of the PC sub unit cpcA (Fig.17 / Fig. 18)
as well as in spectral analyses (Fig.12). Synechocystis cultures exposed to external ethanol
exhibit a decrease in the cpcBA co-transcript with a rise of a new cpcA+ transcript in
optimized photo bioreactors as well as under standard laboratory.
2.4.7 Northern blot analyses with ethanol adapted and ∆rre33
Synechocystis strains
Microarray and Northern blot analyses of ethanologenic Synechocystis cultures (Fig.4) show
a clear down-regulation of FbaA, ApcE, CpcB, all are interaction partners of Trx (Perez-
Perez, 2006). Northern blot analyses of long term ethanol exposed Synechocystis cultures
(Fig.18) showing the same picture leaving the observed effect in ethanologenic Synechocystis
to prolonged exposure to ethanol. Further a slightly different transcriptional picture of ethanol
adapted and ∆rre33 Synechocystis cultures on transcript accumulation of fbaA occurred.
Figure 19: Northern blot analyses of ethanologenic WT and JL2 strain and WT, JL2
and ∆rre33 under external ethanol condition. (A) shows Northern blot analyses of transcript
accumulation fbaA and rps8 of pre adapted (ethanol adapted strain) and non pre adapted (WT)
ethanologenic Synechocystis cultures under standard laboratory condition and (B) under exposure
to 2 % [v/v] ethanol. (C) shows the transcript accumulation of fbaA of ∆rre33 compared to the
WT under exposure to 2 % [v/v]. All samples were parallel taken and blotted on one membrane
at day 7 after the induction of ethanol production or the inoculation with ethanol. Loading control
exert corresponds to the fbaA signals.
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Rre33 as one important regulator in redox response of Synechocystis (Li and Sherman, 2000)
and the pre adapted JL2 strain were closer analyzed in order to validate their involvement
in the ethanol response in certain genes of Synechocystis. Two examples of genes, fbaA
and rps8, which have been found regulated under ethanologenic condition in the optimized
photobioreactor, have been chosen for analysis by Northern blotting. Both genes were found
to be affected not only by ethanol production but also under exposure to ethanol. Also it was
shown that the effect is transferable between experimental conditions as the same pictures
are seen under optimized photobioreactor and standard laboratory conditions. To check if a
pre adaptation leads to a different transcriptional response in these genes and if the response
regulator ∆rre3 plays a role in the transcription response to ethanol, parallel experiments with
ethanologenic JL2 and non ethanologenic JL2 and ∆rre33 cultures with an inoculation with
external ethanol have been conducted. Both JL2 and ∆rre33 appeared to have an elevated
base level of fbaA and an elevated level of fbaA transcripts in ethanol treated JL2 cultures
compared to the ethanol treated WT occured. The elevated signal of rps8 is only seen in
JL2 cultures treated with external ethanol and not under the ethanologenic cultures under
standard laboratory conditions.
2.5 External acetaldehyde
2.5.1 Differentially regulated transcriptional response of sigma
factors and heat shock associated genes under
acetaldehyde
As the fermentive pathway for ethanol production includes the formation of the intermediate
acetaldehyde, catalyzed by pyruvate decarboxylase (PDC). Acetaldehyde is a highly toxic
metabolite (Woutersen et al. 1986). Its toxicity and effects on transcript accumulation as a
contributing factor in the ethanol production was examined. Preliminary experiments were
performed in 50 mL falcon test tubes, which have been sealed to avoid gas exchange with
the ambient. Within the time frame of one week all tested concentrations (0.5 mM, 5 mM
and 50 mM) of acetaldehyde turned out to be lethal while non-treated Synechocystis cul-
tures can survive for months in a closed 50 mL falcon tubes (data not shown). Analyzes of
transcript accumulation were performed with samples from cultures grown in a sealed room
under standard laboratory environment in a 24 h time frame. Sample times were 30 min,
120 min and 24 h. For the analysis, probes for the sigma factors D,E,F,G,H,I as well as
heat shock protein HspA and GroEL1 were used. Gobal transcriptional analyzes GroEL1 had
differential expression between ethanologenic and external ethanol conditions. All significant
signal differences which were detected by Northern blot analyses are described below. As it
was observed with external ethanol an immediate and time delayed transcription response
was observed.
57
2 Results and Discussion
2.5.2 Short- to mid-term transcription response of genes coding
for hspA and sigE after treatment with acetaldehyde
Synechocystis cultures treated with external acetaldehyde showed fast (30 min) and mid-
term (120 min – 240 min) transcription responses to high concentrations of 50 mM and
5 mM acetaldehyde, respectively (Fig.20). Northern blot analyzes indicated that with 50
mM acetaldehyde in the medium transcripts of the gene coding for the stress marker of
hspA is getting strongly up regulated (Fig.20). From these results it can be assumed that
for the production of ethanol the hspA promotor is a suitable method for a production
with a feedback loop in which the produced acetaldehyde is driving the transcription of the
production cassette. With a concentration of 5 mM, an increasing transcript accumulation
of sigE can be seen from 120 min to 240 min.
Figure 20: Northern blot analyses of the fast and mid-term response on reaction to ace-
taldehyde treatment in Synechocystis. Synechocystis cultures treated with 50 mM and 5 mM
acetaldehyde (+) in comparison to an untreated control culture (0) under standard laboratory condi-
tions and different time points. Total RNA were taken after 30, 120 and 240 min after the treatment
with acetaldehyde and 5 µg was used for every lane and blotted on a nylon membrane.
2.5.3 Long-term transcription response of genes coding for
groEL1 and sigD after treatment with acetaldehyde
The time-delayed transcription response after the treatment with acetaldehyde becomes more
obvious with lower concentrations of 0.05 mM and 0.5 mM acetaldehyde, which lead to a
transcription response of Synechocystis after 20 h (Fig.21).
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Figure 21: Northern blot analyses of the late response on reaction to acetaldehyde treat-
ment in Synechocystis. Northern blot analyses of Synechocystis cultures treated with 0.05 mM
and 0.5 mM acetaldehyde (+) in comparison to untreated control cultures (0) under standard labo-
ratory conditions and different time points. After 20 h with acetaldehyde in the medium total RNA
were taken and 5 µg was used for every lane and blotted on a nylon membrane.
As an example Northern blot analyses showed an increasing transcript accumulation of the
chaperonine GroEL1 with an increasing acetaldehyde concentration from 0.05 mM to 0.5 mM
after 20 h. Synechocystis culture treated with 0.5 mM acetaldehyde indicated an elevated
transcript accumulation of sigma factor D (sigD) after 20 h. The late up-regulation of groEL1
might have its reason in an accumulation of ethanol from metabolized acetaldehyde as it
could resemble the up-regulation in ethanol treated cells.
2.5.4 Acetaldehyde as a possible contributing course of the
observed transcriptional difference in ethanol treated and
ethanol producing Synechocystis
The observed transcriptional difference of ethanol treated and ethanologenic Synechocystis
of transcripts of genes coding for SigE as well as HspA may have its reason in the presence
of intracellular acetaldehyde in ethanologenic Synechocystis. It is also possible that after
20 h most of the acetaldehyde had evaporated and part of it may have been metabolized
to ethanol and therefore explaining the up-regulation of groEL1, as an up-regulation was
also indicated in transcriptional data from ethanol treated cultures in this work and was
observed in cold stress treated cultures in literature (Kovács et al., 2001). Also, if part of
the transcriptional difference in ethanologenic and ethanol treated Synechocystis could be
explained by the presence of intra cellular acetaldehyde, it would mean that enzymatic reaction
from acetaldehyde to ethanol lies mainly on the site of the ethanol. Two observations about
the main alcohol dehydrogenase AdhA are favoring such a hypothesis. AdhA has superior
catalytic efficiency for aldehyde reduction compared to that for alcohol oxidation (Vidal et
al., 2009) and an insertion knockout did not show significant growth inhibition difference to
the WT under external ethanol conditions (data not shown).
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2.6 Final discussion
Ethanol is posing systemic stress to all organisms (Halsworth, 1992). It is unlikely that cyano-
bacteria encounter growth inhibiting concentrations of ethanol in their natural environment,
and thus the transcriptional response of Synechocystis on ethanol is also unlikely to be strong
and specific. Ethanol showed to have a rather gradual and successive retarding effect on the
reproductivity and cell viability of ethanol producing and long term ethanol treated Syn-
echocystis cultures. Under external ethanol conditions strong transcriptional changes stayed
limited to a few genes. Mainly the cyanobacterial antenna composition showed to be relatively
strongly affected which reflected the strong decrease of the PC peak in photo spectrometric
measurements of ethanol exposed cultures as well ethanol producing cultures. With all applied
concentration of ethanol and all used time points transcripts coding for proteins associated
with the PS have been affected. Transcriptional data indicates that ethanol impairs the uti-
lization of light and hampers the state transition. The prominent transcriptional appearance
of Trx related transcripts and preferentially up-regulated genes coding for components of the
PSII shown in ethanologenic and ethanol treated Synechocystis illustrated this conclusion.
Subsequent this might also reflect the observation of an increased number of affected genes
over the time at 0.5 % [v/v] ethanol and the similarity of the transcriptional answer after 24
h to the one of 2 % [v/v] ethanol treated cells after 30 min. Higher concentration of ethanol
with a possible stronger impairment with the PS might reflect the effects of the accumulati-
on over the time of the lower concentration. These prolonged effects from ethanol exposure
itself might be the reason that all by Northern blot analyzed transcripts of ethanol producing
Synechocystis can be also found affected in the same direction by ethanol treatment with 2
% [v/v] ethanol.
Since the ethanol-producing or –treated cultures only slowly decay it is most likely that the
negative effects of ethanol are also rather indirect and that an accumulation of the effects
leads to the growth retardation. The rather low amplitude of transcript changes and the
differences of cell response over the time reflect this observation. Functional analyzes showed
an overlap in transcriptional cell responses between the different applied concentrations and
different time points. In general it should be kept in mind that transcriptional data obtained
from microarray experiments must be taken with caution as first not much can be said about
transcription of specific genes which do not give a signal and second data of transcription
do not reflect protein levels and therefore at best indicate the changes the organisms really
exhibits. As ethanol from its physiological properties is by nature interacting with multiple
targets in biological cells, the accumulating effect of ethanol was not surprisingly accompanied
by a composition of different cell responses. The transcriptional changes showed analogies
to the response of other organisms to ethanol. Sorted according to the function of the genes
found in literature affected by ethanol the transcription data posed a good backing for the
physiological data gained in this work. The importance of the influence of ethanol on the
different functional categories was also showcased by the observation that stress experiments
with high salinities and ethanol adapted Synechocystis show similarities in the phenotypes
of ethanol stress. Adaptation to ethanol might yield several advantages. First it showed to
increase ethanol production and an elevated tolerance towards ethanol. This acquired elevated
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tolerance towards ethanol means also a reduction against the selective pressure against the
ethanol production cassette. With a prolonged adaptation experiment it would be in theory
also possible that the cells changed certain components in a way they might function better
under ethanol pressure, and therefore would pose a valid attempt to raise the stability of
the production. Also sequencing the adapted organism would pose a possibility to identify
working resistance mechanisms against ethanol as well it could provide vital information for
the road to a stable production.
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3.1.3 Cyanobacterial strains
The Synechocystis sp. PCC 6803 WT strain used for this study was obtained from the culture
collection of the Department of Genetics, Humboldt University. It was originally provided by
Prof. Sergey V. Shestakov, Chair of Genetics, Lomonossov State University, Moscow. The
same strain, but from the culture collection of the Cyanobiotech GmbH, Berlin, was used for
experiments with optimized bioreactors.
3.1.4 Escherichia coli strains
Plasmids containing knockout constructs with PCR and resistance cassette inserts were pro-
pagated in E. coli TOP10 cells (Invitrogen).
3.2 Methods
3.2.1 Cultivation of Synechocystis and experimental conditions
3.2.1.1 Cultivation of Synechocystis
The cultivation of Synechocystis if not otherwise stated was conducted photoautotrophically
in BG11 media (Rippka et al., 1979) at 28° C. For handling the strain collection (chapter
2.1.3.) Synechocystis cultures were streaked, under sterile conditions, on BG11 solid media
with 0. 75 % (w/v) Bacto-Agar (Difco) and incubated under continuous light (white light
with intensities of ~50-60 E s−1 m−2). For long term conservation aliquots of the generated
mutants were transferred into 0.5 x BG11 with 8 % (v/v) DMSO and shock frozen with
liquid nitrogen and stored under -80º C. The cultivation of Synechocystis in liquid media
was done in 20 ml volume in 50 ml Erlenmeyer flask under mild shaking (100 rpm) (if not
otherwise statet: light intensity: ~50µE s−1 m−2).
3.2.1.2 Experimental conditions
3.2.1.2.1 Optimized photobioreactor
To achieve highly controlled ethanol production conditions, certain experiments have been
done in the facilities of Cyanobiofuels GmbH in specialized photo bioreactors, designed to
achieve maximum ethanol output per volume of the culture by using a combination of high
frequency stirring at 250 rpm and an adaptation of light intensities starting at 100 µE s−1
m−2) per unit and followed by a constant increase of light intensities depending on the cell
density of the culture. Furthermore, the temperature of the culture was controlled in a day-
night cycle with 35° C day-time and 25° C night-time temperature and a computer-based
controlled discontinuously aeration of the liquid phase with 10 % CO2 enriched air during the
12 h photo period to regulate the pH between 7.25 - 7.35 was used. Strains of Synechocystis
were cultivated in 0.5 L BG11 medium supplemented with 2 mM TES, 35 g l−1 “instant
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ocean” seawater salts and 10 µg mL−1 gentamycin. To avoid nutrition limitation, the nitrate
concentration, of the media, was monitored and the cultures were supplemented with 100 x
nutrient concentrate in case it reached 50 % of the original concentration. Temperature, pH
and dissolved oxygen level were constantly monitored and recorded due the time frame of
the experiment. Experiments have been performed in triplicates using Synechocystis cultures
harboring an empty vector control strain and a mixed distribution of the positions to avoid
further side effects.
3.2.1.2.2 Standard laboratory condition
The dilution of the pre-cultures described in (chapter 3.2.1.1.) to a volume of 200 mL and
a OD750 ~0.8 in specialized 500 mL reactor bottles and a sub sequent adaptation period to
the laboratory condition to a optical density OD750 of >1.2 was, if not otherwise indicated,
the starting point of all experiments conducted under standard laboratory conditions. The
caps of the bottles have been prepared with an inflow tube for constant air support with
3 % CO2 enriched air and an outflow tube with sterile fixed filters. The cultures exhibited
constant steering and constant light (light intensity: ~80 µE s−1 m−2) at 28° C in a growth
chamber. For the selection of mutants antibiotics to the following concentration have been
used chloramphenicol (7 µg mL−1), kanamycin (80 µg mL−1) and gentamycin (10 µg mL−1).
The supplementations of stress inducing factors are described in the according chapters.
3.2.2 Plasmid isolation
Plasmid isolation was performed as previously described (Sambrook et al., 2001).
3.2.3 Handling of nucleic acids
3.2.3.1 Isolation of nucleic acids from Synechocystis
3.2.3.1.1 Isolation of total DNA from Synechocystis
Synechocystis DNA samples where either isolated as described for bacteria (Sambrook et al.,
2001) or by boiling of 11 µL of Synechocystis cultures with an OD750 ~ 1 at 99° C.
3.2.3.1.2 Isolation of total RNA from Synechocystis
Total RNA was extracted from previous isolated Synechocystis cultures using TRIzol (Invi-
trogen) following the manufacturer protocol with a “hot Trizol” modification, meaning the
boiling of the trizol cultures mixture at 99° C for 5 minutes with frequent vortexing, as the
initial step of the isolation. The procedure was conducted the following. First 50 mL sterile
falcon test tubes were filled with 25 mL crushed ice. Then an adjusted volume of cell cultures
from which the RNA was taken was filled into the test tubes (25 mL at OD750 ~ 1, 12.5 mL
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at OD750 ~2, and so on). The ice mixture was when swiftly centrifuged at 6000 rpm for 15
min and the pellet was resuspended in 1 mL Trizol after this above described “hot Trizol”
step was applied. Further the protocol was followed.
3.2.3.2 Determination of nucleic acid concentrations
The DNA and RNA concentration was determined by optical density with a spectropho-
tometer at 260 nm (Nanodrop; Thermo Scientific) and the integrity of rRNA bands was
additionally verified by electrophoresis using 1 % denaturating agarose gels containing 1.7 M
formaldehyde. The RNA was stored at -80° C.
3.2.3.3 Purification of the RNA
Materials used for microarray analysis were treated with DNAseI (Ambion) according to the
protocol to eliminate remains of DNA in the samples followed by control PCRs.
3.2.3.4 Microarray analyses
10 µg samples of of total RNA were shipped to the microarray conducting company.
Hybridization of the chips and statistical analyses were made by imaGenes GmbH, Germany.
3.2.4 Gel electrophoresis of nucleic acids
Agarose gel electrophoreses of DNA and RNA were performed as previously described (Sam-
brook et al., 2001).
3.2.5 Polymerase chain reaction (PCR)
PCR reactions were performed using Taq DNA Polymerase (QIAGEN) following the manu-
facturer’s protocol. PCR products were analyzed by agarose gel electrophoresis.
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3.2.6 Knockout studies
3.2.6.1 Knockout construction
Figure 19: Knockout mutant construction strategy for the Synechocystis sigma factors
SigD and SigE. The yellow bars mark the genomic region of sigD and sigE with 1957 bp and 2110
bp, respectively.
The corresponding PCR products of the gene of interest were cloned into a into an open
pDriveTM vector (Invitrogen) according to the protocol (Qiagen pDrive Manual). Followed
by enzymatic restriction of an according cutting sites (Fig.19) and a reaction with Klenow
fragement (Fermentas), according to protocol. The PCR products were religated with a
chloramphinicol cassette which originated from a PACYC184 vector cut with BSAa1 (NEB).
Constructs have been verified by PCR and sequence analyses with the pDrive multiple cloning
site-specific M13 primer.
Gray bars represent the annotated sequences from Cyanobase and blue bars the used PCR
amplicons for further cloning. Gray triangles mark the restriction site used for insertion of
the antibiotic resistance cassette Eco47 III and MunI, respectively.
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3.2.8 Whole-cell absorption spectra of Synechocystis
Absorption spectra of Synechocystis cultures of whole s in BG11 liquid media with the wave
lengths between 400 and 750 nm at room temperature were taken in plastic cuvettes with a
spectro photo meter (UV-2410PC, Shimadzu) with a BG11 baseline.
3.2.9 Chlorophyll measurement
The determination of the Chl amount was conducted as previously described by Lichtenthaler
(1978). A pellet from 0.5 ml Synechocystis cultures was resuspended in 90 % [v/v] methanol
and incubated for 1 h at 4° C. After a centrifugation (14000 g for 5 min) the supernatant
was spectrometrically measured at a wave length of 665 nm and calculated via the formula
Chl [µg ml−1] = OD665 nm x 11.5 [µg ml−1] x dilution factor (McMinney, 1941).
3.2.10 Ethanol concentration measurements
Measurements of the ethanol concentrations in experiments with optimized photobioreactors
(chapter 2.2.1.2.1.) were performed mass spectrometrically by the technical team of Cyano-
biofuels GmbH. Under standard laboratory conditions (chapter 2.2.1.2.2.) a photospectrome-
trically method with the EnzyChromTM Ethanol Assay Kit (ECET-100) from BioAssay was
used to determine the ethanol concentrations. This test is based on an alcohol dehydrogenase
catalyzed oxidation of ethanol, in which the formed NADH+ is coupled to a chromogen.
3.2.11 Glycogen and Carotenoid contents determination
Carotenoid content determination via HPLC measurements and determination of the glycogen
concentrations were performed by the technical team of Cyanobiofuels GmbH.
3.2.12 Data and graphical visualization
Data visualization was done for graphs with GraphPad™ and tables with Microsoft Excel™.
Visualization of genomic regions and genes were performed with j5™ (http://j5.jbei.
org).
3.2.13 Sequencing
Purified vector DNA was delivered for automatic sequencing to “SMB Service in Molecular
Biology” (Berlin). Raw sequence files were viewed and edited with “4Peaks” software (http:
//mekentosj.com/4peaks).
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3.2.14 Induction of the ethanol production
The Induction of the ethanol production (if not other stated) was induced by copper depletion.
The to inducing culture was centrifugation (4000 g for 5 min) and the resulting cell pallet
was resuspended in BG-11 medium without copper.
3.2.15 Blue-native PAGE experiments
Blue-native PAGE experiments were done with pre poured gel chambers from Serva™ ac-
cording to the manufactures protocol. Protein concentration determination was done as
previously described (Sambrook et al., 2001). Thylakoid membrane preparation was done by
harvesting cultures, centrifuging them and mixing the pallet at a ratio of 1:3 with thylakoid
buffer (50 mM Hepes/NaOH, pH 7.0. 5 mM MgCl2, 25 mM CaCl2, 10 % (v/v) glycerol).
Next glass beats with a volume of (0.1-0.5 mm) were mix to the suspension in a ratio of 1:1
and a 10 minute milling with a cell mill (Retsch) at 4° C was applied. The cell were when
sedimented by a 2000 RPM centrifugation at 4° C followed by a centrifugation with 14 000
RPM with a resulting thylakoid pallet which was resuspended in 4 volume in thylakoid buffer.
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5 Appendices
APPENDIX A: Influencing the regulatory network
In order to analyze, whether the ethanol production capacity of Synechocystis can be elevated
by manipulating the global transcriptional machinery, knockout mutants of both previous
under acetaldehyde exposure analyzed sigma factors have been constructed. The mutants
were conjugated with the ethanologenic construct (chapter 3.2.6.4.) and were analyzed.
The respective ethanologenic Synechocystis strains were further analyzed with respect to
their ethanol generation as well as to their reproductive ability and their Chl a content
(supplemental Fig.1).
Supplemental figure 1: Effect of engineered ethanol production on growth, Chl a content
and ethanol accumulation of sigD and sigE knockout strains of Synechocystis compared
to the WT. The diagrams A, B, C and D show the optical densities at 750nm (OD750), the
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successive ethanol accumulation in the medium, the normalized ethanol concentration per OD750
and normalized Chl a per OD750 content respectively. Squares and triangles mark samples taken
from the sigD and sigE knockouts, respectively. Circles mark samples taken from the ethanologenic
control WT strain of Synechocystis. Measurements were taken in a time frame of one month.
Ethanologenic ∆SigE strain showed similar growth ethanol accumulationand relative ethanol
and Chl a content per OD750 as the ethanologenic WT strain.
Ethanologenic ∆SigD strain exhibited a greater retardation of growth and relative Chl a
content, while showing similar amounts of ethanol accumulation, leaving ∆SigD cultures
with a seemingly higher ethanol production per cell. Normalization on the net dry weight
(Data not shown) indicated a similar picture between the ethanologenic WT and knockout
strains and thus challenging the above observation but still giving information on the type of
stress ethanol is posing as it is possible that the ∆SigD factor is required for acclimation to
conditions that enhance the production of reactive oxygen species (Pollari et al., 2008).
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APPENDIX B: Blue-native PAGE analyses of thylakoid
membrane complexes
In order to determine if the different phenotypes of JL2 and WT as well as WT with and
without the treatment of external ethanol can be seen on protein level of the thylakoid
membranes, blue-native PAGE experiments were conducted.
Supplemental figure 2: Analyses of protein complexes of thylakoid membranes with blue-
native Page. A, B and E derived from experiments under standard laboratory conditions and C and
D from 5 days after the exposure to 2 % [v/v] ethanol on pre-adapted Synechocystis JL2 strain (B)
compared to the WT with (A) and without (E) ethanol treatment. C and E derived from experiments
in optimized photo bioreactors of WT Producer and WT control with an isogenic vector respectively.
Conducted blue-native PAGE experiments of isolated thylakoid membrane complexes show
remarkably little difference between JL2 and WT as well as between ethanologenic, non
ethanologenic and ethanol treated cells after 5 days (supplemental Fig.4).
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APPENDIX C: List of differential regulated genes of
ethanol treated and ethanol producing Synechocystis
Supplemental Table S1. Overview of changes in gene expression of all 3264 ORF of Synechocystis PCC6803
during the exposure to ethanol. The ORF are grouped into functional categories according to Cyanobase.
The entries in the Table present the normalized log-intensities, on a 2log-scale, at different time points and
different ethanol concentration during the experiment. A yellow-green and orange background indicates ORF
that were significantly regulated ( Anova: p<0.05 ) at external ethanol or ethanol producer respectively.
The table is sorted by functionary groups. Green and blue colors indicate ORF with more than one fold
down-regulation and up-regulation, respectively, in their batch-culture experiment. Pale green and pale blue
indicate ORF with less than one fold down-regulation and up-regulation, respectively.
85

5 Appendices
87
5 Appendices
88
5 Appendices
89
5 Appendices
90
5 Appendices
91
5 Appendices
92
5 Appendices
93
5 Appendices
94
5 Appendices
95
5 Appendices
96
5 Appendices
97
5 Appendices
98
5 Appendices
99
5 Appendices
100
5 Appendices
101
5 Appendices
102
5 Appendices
103
5 Appendices
104
5 Appendices
105
5 Appendices
106
5 Appendices
107
5 Appendices
108
5 Appendices
109
5 Appendices
110
5 Appendices
111
5 Appendices
112
5 Appendices
113
5 Appendices
114
5 Appendices
115
5 Appendices
116
5 Appendices
117
5 Appendices
118
5 Appendices
119
5 Appendices
120
5 Appendices
121
5 Appendices
122
5 Appendices
123
5 Appendices
124
5 Appendices
125
5 Appendices
126
5 Appendices
127
5 Appendices
128
5 Appendices
129
5 Appendices
130
5 Appendices
131
EIDESSTATTLICHE ERKLÄRUNG
Hiermit versichere ich, die vorliegende Dissertation eigenständig verfasst und keine anderen
als die angegebenen Quellen und Hilfsmittel verwendet zu haben. Die dem Verfahren zugrunde
liegende Promotionsordnung ist mir bekannt.
Die Dissertation wurde in der jetzigen oder einer ähnlichen Form bei keiner anderen Hoch-
schule eingereicht und hat noch keinen sonstigen Prüfungszwecken gedient.
132
Acknowledgements
First and foremost I would like to thank my supervisor Thomas Börner, he has been for great
help in every possible way and an inspiration throughout the time.
I am also very grateful to the whole team of the company Cyano Biofuels GmbH and its CEO
Dan Kramer. It was a real pleasure to cooperate and the meetings have been a real place for
open thinking and innovation. I learned a lot and had a wonderful time for which I wanted
to thank every participant. To all my co-worker, I hope you all know how much I appreciated
the time with you all. Last but not least I wanted of course give my thanks to my family, my
wife, my mother and my baby girl Luna. These are all your achievements!
133
